We estimated the effect of nitrogen stress on the nitrogen isotope enrichments in wing membrane and blood of two nectar-feeding bats (Glossophaga soricina and Leptonycteris curasoae) by offering a nitrogen-poor diet with a high δ 15 N and δ 13 C. Before the experiment, bats were sustained on a normal diet with a low δ 15 N and δ 13 C. Under this first food regime, the fractionation of nitrogen isotopes averaged 3.1‰ δ 15 N for blood and 4.4‰ δ 15 N for wing membrane, which was almost twice as high as the corresponding fractionation of carbon isotopes. After switching to the nitrogen-poor diet, the enrichment of heavy isotopes increased for both elements in all tissues under study. The recently published estimates of half-life of carbon isotopes indicated a low turnover rate of carbon in wing membrane and blood and an almost constant halflife over varying losses of body mass. The estimates of half-life of nitrogen were two to six times higher than those of carbon. We argue that this discrepancy was caused by the mixing of nitrogen isotopes from internal and external sources. The mixing effect was probably negligible for carbon as the amount of ingested carbon outweighed the amount of mobilized carbon from internal sources. A correlation between the estimated turnover rates of nitrogen and losses of body masses was probably obscured by the additional fractionation of nitrogen isotopes in catabolic animals. We conclude that the interpretation of nitrogen isotope data of free-ranging animals is difficult when the animal's diet is changing to a critical nitrogen content.
high C:N ratio) on the 15 N enrichments of animals and the overall lack of experiments. In the present study, we investigated the effect of nitrogen stress on 15 N enrichments in two nectar-feeding bat species, i.e. we studied whether estimates of tissue turnover based on nitrogen isotopes are reliable in animals under nitrogen stress. In an earlier paper, we described the fractionation and half-life of carbon isotopes in an experiment with two nectar-feeding bat species: Leptonycteris curasoae (20·g) and Glossophaga soricina (10·g) (Voigt et al., 2003b) . We switched the carbon isotope ratio of the diet by approximately 14‰ δ 15 N and traced the change in carbon isotope enrichments in different tissues (wing membrane, blood and hair) over a period of 60·days. We observed that the half-life of stable carbon isotopes was consistently low for both species and all tissues. In contrast to our expectation, we could not find a negative correlation between half-life of carbon isotopes and losses of body mass. We concluded that the mobilization of body reserves and associated mixing effects did not bias the estimates of tissue turnover of carbon isotopes because the amount of carbon from internal sources was negligible in relation to the amount of carbon from external sources.
During the same experiment, the nitrogen concentration of the diet was changed from ~1.3% to 0.1% nitrogen, and the nitrogen isotopic ratio from 4.2‰ to 13.1‰. Here, we present and discuss the results of this aspect of the experiment. For wing membrane and blood, we predicted that δ 15 N would increase due to the replacement of light with heavy nitrogen isotopes from external sources. Secondly, we predicted that the loss of body mass would lead to an overestimate of half-life because light nitrogen isotopes from internal sources (body substance) mix with heavy nitrogen isotopes from the diet. Therefore, the half-life of nitrogen isotopes should be negatively correlated with losses of body mass. Thirdly, we predicted that carbon and nitrogen isotope turnover rates would be correlated within the same tissue if additional fractionation is absent.
Materials and methods
Details of the experiment are described in Voigt et al. (2003b) . We transferred 10 Glossophaga soricina Pallas (three males and seven non-reproductive females) and 10 Leptonycteris curasoae Miller (seven males and three nonreproductive females) (Phyllostomidae: Glossophaginae) from a captive breeding colony maintained in greenhouse facilities at the University of Erlangen-Nürnberg into two indoor flight enclosures (4·m×3·m×3.5·m). For individual identification, we banded all bats with coloured and numbered plastic bands on the forearm (size XL for L. curasoae and XCL for G. soricina; A.C. Hughes, Hampton Hill, UK). The two groups were maintained over a period of 70·days with food provided ad libitum at three artificial feeders. Room temperature was set constant to approximately 23°C, the ambient humidity to 70% and the light:dark regime to 12·h:12·h. The bats were habituated to the enclosure over a one-week period and fed with the same diet as in the breeding colony. This food originated from plants representative of the C3 photosynthetic pathway and a low δ 15 N value (Table·1). The different types of diet were diluted in water to equal 18% sugar water (mass/mass, refractometer, accuracy 0.2%).
After seven days of habituation, we switched the diet of the bats to plants representative of the carbon isotope composition of C4 and CAM photosynthetic pathways and a high δ 15 N value (Table·1). We refer to this day as day one of the experiment. As before, all different food sources were mixed to a sugar concentration of 18% (mass/mass). To complement the diet of the bats, we added several mg of vitamins and minerals to the diet each day.
Before and after each night, the sugar water was weighed to an accuracy of 1·g and we refer to the ingested food as the difference between the two measurements. The overall nitrogen isotope enrichment of the ingested food was estimated each day by measuring the portion of each of the three food sources ingested by the animals by the percentage concentration of nitrogen in the dry substance of the food (Tables·1,·2) and by multiplying these values by the corresponding δ 15 N (Tables·1,·2). To estimate the mean isotopic enrichment of the ingested food before and after switching the diet, we calculated the average value of isotopic enrichment of the food for seven days before day one and for 60·days following day one. Then, we calculated mean values for the period before day one and following day one. The change in isotopic composition of diets equalled 8.9‰ δ 15 N for both species (L. curasoae: diet 1=4.1‰ δ 15 N, diet 2=13.0‰ δ 15 N; G. soricina: diet 1=4.3‰ δ 15 N, diet 2=13.2‰ δ 15 N).
At the end of the first week and during each subsequent C. C. Voigt and F. Matt Alete, honey and Nektar Plus were the three main food sources during the initial week prior to the diet switch. In diet 1, food was supplemented by small amounts of pollen and banana. Cane sugar, corn syrup and agave syrup were the three main food sources starting from day one of the experiment. In diet 2, food was supplemented by small amounts of opuntia fruits. Minor food sources are in italic. Nitrogen stress and 15 N enrichments sampling event (in two-week intervals), bats were weighed to an accuracy of 0.01·g (electronic balance, Mettler PM-100) and two types of samples were taken from each bat. We took two tissue samples from the wing membrane using a sterile 3·mm-diameter biopsy punch. Next, we drew approximately 30·µl of blood from the animals by puncturing the propatagial vein with a small sterile needle. All samples were placed into Eppendorf tubes, labelled and transferred immediately into a drying oven, where they were dried to constant mass at 60°C. Subsequently, samples were stored in a refrigerator below 0°C. After the change in diets, we captured the bats and took ~30·µl blood and a small piece of wing membrane at the end of the second, fourth, sixth and eighth week. To remove external contaminants from the skin, we washed the samples with a chloroform:methanol solvent (1:1; Voigt et al., 2003b) .
Sample analysis and conversion to the δ notation
Samples were combusted and the resultant gases (N2 and CO2) were sequentially measured in a CE 1110 elemental analyzer connected via a continuous flow system to a Thermo Finnigan Delta Plus isotope ratio mass spectrometer (Bremen, Germany). The sample isotope ratios were compared with international gas standards (USGS-24 and IAEA-N1). Accuracy was greater than ±0.1‰ (1σ). Isotope ratios are expressed in the δ notation in parts per thousands (‰) using the following equation:
We used the nitrogen isotope ratio of the atmosphere as the standard.
Statistical analysis and curve estimation
To test for differences in mean isotope enrichments between tissues, we performed a one-way analysis of variance (ANOVA). We ran post-hoc Tukey HSD tests to make pairwise comparisons to evaluate differences in mean values. We calculated mean values of isotopic composition for all sample periods. In theory, changes in isotopic composition should follow an exponential curve (e.g. Tieszen et al., 1983) . Hence, equations of the type y=a+b×e c×t were fitted to the δ 15 N data from each tissue and each bat species. In this equation, a represents the asymptotic δ 15 N value for the tissue equilibrated on a C4/CAM-diet, b equals the overall change in isotope ratio, c is the turnover rate of nitrogen isotopes in the tissues, and y is the mean nitrogen isotope ratio in the tissue at time t. For reasons of simplicity, we refer to c as the regression coefficient in the exponential model. We assumed that the different tissues equilibrate to an isotope ratio that is equal to the baseline value at day one plus the difference in isotope enrichment between the two diets. Estimation of c was performed on an iterative basis starting with a value of 0.05. To estimate the half-life of nitrogen isotopes, we calculated t 50 using the following equation: t50=loge(0.5)/c, with t50 representing the time in days in which half of the nitrogen isotopes were exchanged in the corresponding tissue, loge representing the natural logarithm and 0.5 representing the exchange of 50% isotopes. Some tissue and blood samples contained amounts of nitrogen that were insufficient for mass spectrometer analysis. Therefore, we excluded the estimated regression coefficients of these individuals from further analysis (one blood and wing membrane sample of L. curasoae and two blood and wing membrane samples of G. soricina).
Possible effect of body mass changes on regression coefficients To evaluate a possible influence of the loss of body mass on the estimates of t50, we calculated exponential exchange curves for nitrogen isotopes on an individual basis. We then tested whether the half-life of nitrogen in individual tissues was correlated with the change in body mass. We predicted that the half-life of nitrogen isotopes decreases with loss of body mass. The level of significance was Bonferroni-corrected to 2.5%, because two data sets were tested in each individual. Mean values ± 1 S.D. are expressed. Unless stated otherwise, twotailed tests were performed. For all statistical analysis and regression models we used SPSS (version 9.0).
Results
The difference in 15 N enrichment between the initial diet and blood equalled 3.0‰ in L. curasoae and 3.2‰ in G. soricina (Fig.·1) . Wing membrane was even more enriched in 15 N than (Fig.·2 ). Both species lost on average 8% of their initial body mass during the course of the experiment.
After switching the diet to plant products with higher δ 15 N values, the enrichment of 15 N increased significantly in both tissues (Fig.·3) . At the end of the experiment at day 60, none of the tissues was equilibrated to the expected point of nitrogen isotopic enrichment (first numerical in the exponential regression equation plotted in the graphs). The nitrogen isotope turnover was estimated as 821·days in wing membrane and 514·days in blood for L. curasoae, or 329·days in wing tissue and 274·days in blood for G. soricina (see Fig.·3 ). Estimates of t50 that were based on nitrogen isotopes were significantly higher than estimates that were based on carbon isotopes ., 2003b) . The regression coefficients of nitrogen exchange curves of individual bats and consequently also the t50 values were not affected by body mass losses ( Fig.·4; Table·2) . Additionally, within the same tissue of the same individual, the corresponding pairs of turnover rates and t50 values, respectively, were not significantly correlated with each other (Table·3).
Discussion
Enzymatic and physical processes differentiate between isotopes of an element and this leads to an enrichment of heavy isotopes in organisms relative to their diet (e.g. Epstein, 1978, 1981; review in Vanderklift and Ponsard, 2003) . In the present study, the enrichment of 15 N between diet and wing membrane or diet and blood ranged from 3.0‰ to 4.7‰, and samples from wing membrane were more enriched in 15 N than were samples from blood. The average fractionation of nitrogen isotopes in bat blood equalled 3.1‰, which was almost identical to the average value described for mammals (~3.0‰ in Vanderklift and Ponsard, 2003) . The enrichment of nitrogen isotopes between wing membrane and diet averaged 4.4‰ for the two study species, and no data are currently available for comparison. Compared with the average fractionation of carbon isotopes in the same tissue, 15 N was enriched twice as much as 13 C in the same tissue (Voigt et al., 2003b) . This is consistent with findings of other authors who report a twofold difference in the fractionation C. C. Voigt and F. Matt Voigt et al., 2003b) . The estimated half-life of nitrogen isotopes was not significantly correlated with body mass loss (Table·2). The sample volume was too small in some cases to measure the nitrogen isotope ratio. Thus, we could not calculate individual t50 values for these individuals (one data point in A and C; two data points in B and D).
effect of carbon and nitrogen isotopes (e.g. Mizutani et al., 1992) .
During the experiment, individuals of both species ingested approximately 19·ml sugar water each day, which is similar to their daily food intake in similar experimental setups (e.g. Voigt, 2003; Voigt et al., 2003a) . The amount of ingested sugar water did not change over time (Voigt et al., 2003b) . Both facts argue against a situation of energetic malnutrition. Nonetheless, almost all bats lost body mass during the experiment, and this loss of body mass could be caused by an insufficient supply of nitrogen (Tables·1,·2). Our previous study showed that the estimates of half-life based on carbon isotopes remained almost constant irrespective of the amount of mobilized body substance ( Fig.·4 ; Voigt et al., 2003b) . This lack of correlation is probably due to the fact that (1) the amount of carbon from internal sources, i.e. body substance, is negligible compared with that from dietary sources and (2) fractionation effects are less pronounced in carbon isotopes. The larger portion of nitrogen from internal sources in relation to external sources from a nitrogen-poor diet (Table·1) may, however, influence the estimates of nitrogen half-life. In the following paragraph, we will simulate the extent of this effect.
Howell (1974) estimated a protein requirement of 84-106·mg·protein·day -1 for L. curasoae. Dividing this value by 6.25 (a standard factor for the conversion of protein to nitrogen; Kleiber, 1961 ) yields a nitrogen requirement of 13-17·mg·nitrogen·day -1 for L. curasoae. The percentage concentration of nitrogen in the second diet was low (mean 0.07%), but even lower values were found in the nectar of bator bird-pollinated plants; for example, Baker and Baker (1982) measured a mean protein content of 0.04% in dry matter, which is equivalent to 0.0064% nitrogen in dry nectar. L. curasoae ingested on average 20·ml·day -1 of 18% (mass/mass) sugar water or 3.6·g·day -1 pure sugar. This is equivalent to an average daily nitrogen uptake of 3.6·g×0.07%=2.52·mg nitrogen from sugar water. In addition to the dietary nitrogen uptake, L. curasoae also acquired nitrogen from body substance. We consider two scenarios: (1) all loss of body mass is due to fat mobilization and (2) all loss of body mass is due to protein catabolism.
Body fat contains ~20% water and therefore mobilization of 1.9·g body mass in 60·days equals 1.5·g fat. According to Kleiber (1961) , dry fat consists of 7% protein or 7/6.25=1.1% nitrogen.
Mobilization of 1.5·g fat released 1.5·g×0.011%=0.0165·g nitrogen in 60·days, or 0.28·mg·nitrogen·day -1 . Thus, individual L. curasoae had a total amount of 2.82·mg nitrogen available per day: 0.3·mg nitrogen from fat mobilization and 2.52·mg nitrogen from sugar water.
Protein consists of 16% nitrogen (Kleiber, 1961) . As nonfat body substance consists of 70% water in nectar-feeding bats (Voigt et al., 2003a) , L. curasoae catabolized ~0.38·g of protein dry matter in 60·days. According to this, bats mobilized 0.0608·g nitrogen in 60·days, which is equivalent to 1.0·mg·nitrogen·day -1 . Under the second scenario, L. curasoae had a total amount of 3.52·mg nitrogen available per day:
1.0·mg nitrogen from protein catabolism and 2.52·mg from sugar water. Both simulations do not take into account that bats supplemented their diet with small amounts of nitrogen-rich opuntia fruits. Therefore, the estimates of available nitrogen are probably underestimated. Nonetheless, does this simulation emphasize that (1) the nitrogen requirements of the bats (~13-17·mg·day -1 ; Howell, 1974) were not met during the experiment although mobilized body reserves provided additional nitrogen and that (2) more nitrogen was available from external sources than from internal sources.
In the present study, the mobilization of body reserves may have influenced the isotopic enrichments within tissues, because nitrogen isotopes of body reserves (internal substrate) with a low δ 15 N ratio mixed with those of the diet (external substrate). If both isotope pools are combined to intermediate levels of δ 15 N, the half-life (t50) is overestimated. In agreement with this, t50 estimates were higher than the values based on carbon isotopes (Figs·3,·4). The estimates of blood half-life derived from carbon isotopes equalled 120·days in L. curasoae and 113·days in G. soricina, and the estimates for wing membrane equalled 134·days in L. curasoae and 102·days in G. soricina. Comparing these values with those of Fig.·3 reveals that the estimates of turnover rates based on nitrogen isotopes were, on average, two to six times higher. Interestingly, the estimates of half-life based on nitrogen isotopes (Fig.·3) were approximately twice as high in L. curasoae than in G. soricina: 1.8 times in blood (514/274) and 2.5 times in wing tissue (821/329). This factor of two could be explained by the observation that L. curasoae mobilized approximately twice as much body reserves as did G. soricina (1.9·g in L. curasoae and 0.8·g G. soricina), while ingesting approximately the same amount of sugar water as G. soricina (~19·ml·day -1 in both species). Following this, the ratio between external and internal nitrogen pools differed by a factor of two between the study species; in other words, L. curasoae derived twice as much nitrogen isotopes from internal sources than did G. soricina. We conclude that mixing effects of nitrogen isotopes occurred during the experiment. In summary, estimates of half-life based on nitrogen isotopes were most likely influenced by mixing effects, whereas those based on carbon isotopes were not influenced by loss of body mass because the amount of mobilized carbon from internal sources was small compared with the amount of carbon from external sources (Voigt et al., 2003b) .
In contrast to our expectation, the estimates of t50 that were based on nitrogen isotopes did not correlate with losses of body mass (Table·2). A possible explanation for this finding is that simultaneous fractionation effects, as described for example in birds (Hatch et al., 1995) , obscured the true turnover rates. Several authors have suggested that the fractionation of nitrogen isotopes most likely occurs during the deamination and transamination of amino acids (e.g. Gaebler et al., 1966; Minagawa and Wada, 1984) . Enzymatic processes necessary for homeostasis may then lead to even higher enrichments of heavy nitrogen within tissues. Hobson and Clark (1992) proposed that "nutritional stress cause [d] 
